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Single Crystal PMN-O.33PT/Epoxy 1-3 
Composites for Ultrasonic Transducer - 
Applications 
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Abstract-Lead magnesium niobate-lead titanate O.Gi'Pb 
(Mg1,3Nb2/3)03-0.33PbTiOs (PMN-0.33PT, abbreviated 
a s  PMN-PT) single crystals were used to fabricate PMN- 
P T  /epoxy 1-3 composites with different volume fractions 
of PMN-PT ranging from 0.4 to  0.8. The electromechan- 
ical properties of the 1-3 composites were determined by 
the resonance technique. Theoretical modeling of the 1-3 
composites matched quite well with the measured mate- 
rial properties. It was demonstrated that the thickness elec- 
tromechanical coupling coefficients of the composites could 
reach a s  high as  0.8. A 2.4 MHz plane ultrasonic transducer 
was fabricated using a PMN-PT/epoxy 1-3 composite with 
0.37 volume fraction of PMN-PT. It shows a -G dB hand- 
width of ~ 6 1 %  and an insertion loss of -14 dB. 
I. INTRODUCTION 
~~'developrrierit of relaxor-based single crystals such T as lead magnesium niobate-lear1 titanate (PMN-PT) 
and lead zinc niobate-lead tit,aiiate (PZN-PT) has promis- 
ing potential for ultrasonic transducer and actuator ap- 
plications [1]-[8]. The single crystals exhibit high piezo- 
electric Coefficient (d33 > 2000 pC/N) ailcl electromechan- 
ical coupling factor (k.22 N 0.9); coininonly used piezo- 
ceramic PZT provides dx3 of -600 pC/N and k33 of -0.75. 
The  single crystals with these superior properties can pro- 
vide better sensitivity arid bandwidth for medical imaging 
applications [ 2 ] ,  [4], [ 5 ] .  However, for ultrasonic imaging 
and hydrophone applicat,ions, t,lie relatively high acoustic 
irnpcdancc of the single crystals (approxiniatcly 30 Rilrayls) 
raises a problem of acoustic impcdence niismatcli with t,lrat, 
of liurrian tissue (1.5 Mrayls) and watcr. 111 order to alle- 
viate this problem; the single crystal is incorporated into 
a polymer matrix to form 1-3 cornposite. The 1-3 compos- 
ites shown in Fig. 1 consist,s of PMN-PT rods embedded 
in a11 epoxy matrix. As the relatively softer polymer fila- 
trix cannot clamp the vibra,tioii of the PMN-PT rods: the 
PMN-PT rods inside the composites are relatively frcc to 
vibrate. Hence, tlic thickriess electromechanical coupling 
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Fig. 1. Photograph of PMN-PT/epoxy 1-3 composit,es 
coefficient kt of the composites can approach the k33 of 
the PMN-PT [9]-[13]. The kS3 is about 0.8-0.9 for PMN- 
PT rod, and kt is about 0.6 for PMN-PT disc. In other 
words, rising 1-3 PMN-PT composites can improve the cn- 
ergy conversion efficiency of the transducer. Furthermore, 
the elect,romechanical properties of the 1-3 coniposites also 
can be tailored by varying the volume fraction and peri- 
odicity t,o optimize the transducer performance. 
11. M m E n i A L  FABRICATION 
The relaxor ferroelectric PMN-PT Z-cut single crystal 
discs of 10-mim diameter and 3-mm thickness were grown 
in the Shanghai Institute of Ceramics, Chinese Academy 
of Sciences (SICCAS), Shanghai, China, by a modified 
Bridgeman method [GI. As stated in [8]> the single crys- 
tals poled along the (001) direction possess the maximum 
pieaoelcctric response. It is reported that [SI poled single 
crystals have a pseudo-tetragonal 4-nim niacroscopic sym- 
metry even though its microscopic symmetry is 3 m [SI. 
The calculated material properties presented in this paper 
are based 011 the 4-mm symmetry. Before poling, Cr-An 
electrodes were applied to t,he flat surfaces of tlic PMN- 
PT discs by magnetron sputtering. They were poled in oil 
along their thickness direction by applying a direct current 
(DC) field of 10 kV/cm at 110°C for 10 minut,es, and the 
0885-3010/510.00 0 2003 IEEE 
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TABLE I 
PROPERTIES OF PivIN-PT/EPoxY 1-3 C o h l P o S l ~ ~ s  
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1 o4 , . .  90 
60 
Sp A S p B  S p C  Sp D 
Thickness h (mm) 2.60 2.72 1.71 0.75 
Lateral rod size L (mm) 0.832 0.488 0.33 0.16 
Width of epoxy d (mm) 0.108 0.105 0,090 0.087 
No. of cuts 10 16 25 40 
Volume fraction 0.77 0.62 0.48 0.37 
Piezoelectric d33 (pC/N) 
of the PMN-PT single 
crvstal before cuttine 1980 1840 1900 2000 - 
Density (kg/m3) 6652 5411 4419 4460 
electric field was kept on until the samples were cooled to 
room temperature. 
Four samples of PMN-PT/epoxy 1-3 composites with 
volume fractions of 0.4 to 0.8 as shown in Fig. 1 were 
made by a dice-and-fill technique [11]-[13]. Poled single 
crystals were cut in one direction using an automatic dic- 
ing saw (DAD 321, Disco Corporation, Tokyo, Japan) with 
an 80 pm thick blade. Epoxy LW5157 with a hardener 
HY5159 (in 10:l ratio) supplied by Ciba-Giegy Ltd., USA, 
was used to fill the grooves in the single crystals. After the 
epoxy had cured, a second,set of cuts perpendicular to 
the first direction was made. If reticulated cuts were made 
in both directions before casting the epoxy, the PMN-PT 
rods may break because they are very fragile. I t  was found 
that, after filling the first set of grooves, if a thin layer of 
epoxy was left on top of the crystal, the chance of chip- 
ping the crystal during the second set of cuttings could 
be greatly reduced. After filling the second set of cuts by 
epoxy, the composite was allowed to  cure at 40°C in an 
oven for 12 hours in order to  develop optimum properties. 
Excess epoxy was ground away with wet and dry papers 
(no. 800 and 1000, Kovax, Tokyo, Japan). Repoling the 
composites was implemented in case they were depoled 
during the cutting. 
111. PROPERTIES OF PMN-PT/EPoxu 1-3 
COMPOSITES 
The composites fabricated in this study all have fine 
polymer width so that they can be considered as homoge- 
neous piezoelectric materials. Piezoelectric d33 value and 
the density of the composites and the single crystals were 
measured and are shown in Table I. The PMN-PT single 
crystals used to fabricate the PMN-PT/epoxy 1-3 compos- 
ites have high piezoelectric coefficient d33 of -2000 pC/N 
as measured by a Model ZJ-30 Piezo-dzs meter supplied 
by the Beijing Institute of Acoustics Academia Sinica, 
China. 
The electromechanical properties of PMN-PTIepoxy 1- 
3 composites were determined a t  room temperature follow- 
ing the IEEE Standards on Piezoelectricity [14]. Thickness 
electromcchanical coupling coefficient kt mechanical qual- 
ity factor Q M ,  and elastic stiffness c g  were determined by 
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Fig. 2. Electrical impedance Z and phase angle 8 against frequency 
spectrum (1 MHz-20 MHz) for a PMN-PT/epoxy 1-3 composite disk 
with a 0.37 volume fraction of PMN-PT. 
measuring the resonant and antiresonant frequencies of the 
thickness mode resonance in the composite disc. From the 
electrical impedance vs frcquency plot (Fig. 2), a strong 
thickness resonance with its third and fifth harmonics can 
be observed. These resonant frequencies were measured 
with an HP 4294A (Agilent, Palo Alto, CA) impedance 
analyzer. In order to  avoid mode coupling, which adversely 
affects the measurement, the thickness to width or aspect 
ratio of the PMN-PT rods inside the composite samples 
was higher than 3. A weak vibration mode f L  arisen from 
the lateral vibration of the PMN-PT rods [lo], [13] was 
observed. Due to blade vibration, the resultant polymer 
width in the composites varied from 85 pm to 100 pm, 
which was larger than the thickness of the blade. How- 
ever, the estimated stopband resonances will be >10 MHz 
[lo], [13].that are not observed in the frequency range of 
interest. Other parameters such as the acoustic velocity 
V3D and the relative permittivity E 3 3 / E 0  at 1 kHz were 
also determined. 
The measured piezoelectric, dielectric, and electrome- 
chanical properties of the epoxy and the PMN-PT single 
crystals are given in Tables I1 and 111 [15], respectively. The 
theoretical properties of the 1-3 composites as a function of 
volume fraction are calculated by the modified series and 
parallel model 1111, [12]. The electromechanical coupling 
coefficient kt in the composite can be determined by (1): 
where f7 is the resonant frequency and fa is the antires- 
onant frequency and assumed that f? - frequency of 
minimum impedance and fa - frequency of maximum 
impedance, as the PMN-PT single crystals and the com- 
posites have low dielectric loss [14]. Experimentally, it was 
found that the dielectric loss factor tan6  is less than 1% 
for all the composites. 
As discussed before, kt in 1-3 composites can be en- 
hanced by using PMN-PT rods embedded in the nonpiezo- 
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1.0 
x- ROOM-'~EMPERATURE MATERIAL PROPERTIES OF EPOXY. 
8 
Dcnsity P (kg/m3) 
Dielectric loss factor tan 6 0.005 0) 
Longitudinal wavu velocity V L  ("ifs) 2658 - a 
Shear wave velocity us (m/s) 1416 3 
Longitudinal acoustic 8 0.4 
impedance ZL (Mrayl) 3.19 - 
Shear acoustic impedance 2s (hlrayl) 1.70 0 
'E  0.2 
1:;:: 1200 Relative permittivity EIEQ 4.21 m LL ._ 
m 
cl, (IO'"N/m2) 0.85 m Longitudinal stiffness 
Shear stiffness C.M (10"N/m2) 0.24 
Stiffness in x-y plane c12 (10'0N/m2) 0.37 
f 
0 
electric passive epoxy matrix. The electromcchanical coil- 
pling coefficient kt of the coniposite as shown in Fig. 3 can 
reach as high as 0.8, which is higher than that of a PMN- 
PT disc (kt  - 0.61), but it is still lower than the value of 
a single PMN-PT rod (k33  - 0.9). The reason may be he- 
cause the epoxy exerts a certain degree of lateral clamping 
on the PMN-PT rods and modify its behavior as a totally 
free rod. In general, using a softer polymer matrix can re- 
duce the clamping to the single crystal and increase the 
electromechanical coupling coefficient. However, the use 
of highly compliant polymers will lower the stophand fre- 
quency and provide little support during fabrication and 
breakage of t,he rods will occur [4] 
Plot of e& in Fig. 4 shows that c& linearly increases 
with the volume fraction. The elastic stiffness c g  can be 
calculated by ( 2 ) :  
c,", = P (Wd2 1 (2) 
where p is a density and t is the thickness of the composite. 
Fig. 5 shows that the relative permittivity E ~ ~ / E O  mea- 
sured at l kHz also linearly increases with the volume frac- 
tion (for 4 > 0.3). In Fig. 6, it is seen that QM of the 
composites of all the voliinie fractions was about 10 to 20; 
. , . . . , . . . , . . .  I . . . , . . . , .  
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Fig. 4. Elastic stiffness cg as a function of single crystal voiume 
fraction. 
Longitudinal compliance si1 (10-'2mZ/N) 159.61 
Shear compliance s u  (10-'2m2/N) 415.57 g 
0 
I .  I . . . . . . . . . . . . . . . . . . . . .  1 
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Fig. 5. Relative permittivity E Q I / E O  as a function of single crystal 
volume fraction. 
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Fig. 6 .  Mechanical quality factor QM ati a function of single crystal 
volume fraction. 
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Fig. 7. Acoustic velocity V3" a,? a function of single crystal volume 
fraction. 
which is quite close to that of the polymer. The mechanical 
quality factor Qhc was calculated by (14): 
where C1 is the motional capacitance and CO is the 
clamped electrical capacitance, respectively, Z, is the 
minimum impedance, f ry  and faa are the resonant and 
antiresonant frequencies a t  the radial mode resonance of 
the,PMN-PT disc, respectively. 
The acoustic velocity VSD also increases almost linearly 
with the volume fraction 4 (for 0.3 < 4 < 0.9) as shown 
in Fig. 7. 
From Figs. 3-7, it is seen that the modified series and 
parallel model [ll], [12], although simple, can give quite 
accurate prediction to the materials properties of 1-3 coni- 
posites with 4 > 0.2 in the absence of mode coupling. 
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Ground 
Positive 
electrode 
Fig. 8. Photograph of the ultrasonic transducers and a drawing show- 
ing the structure of the transduccr. 
IV. PROPERTIES OF PMN-PT SINGLE CRYSTAL AND 
PMN-PT/Epoxu 1-3 COMPOSITE KANSDUCERS 
Two plane ultrasonic transducers wcrc fabricated with 
the PMN-PT single crystal and the PMN-PTlepoxy 1-3 
composite of 0.37 volume fraction as the driving elements, 
respectively. Both of the transduccrs have soft silicone rub- 
ber hacking and have no front face matching (Fig. 8). Their 
performance such as the pulse-echo response arid insertion 
loss wcre measured and compared. The transducer was 
connected to a Panametrics model 5052UA (Panametrics, 
Walthani, MA) nltrasonic analyzer with thc setting of 4 p,J 
energy and 50 ohm damping. A flat stainless steel target 
was placed at  the bottom of a water tank. The transducer 
was placed at  the nearlfar field transition point T. 
where a is radius of transducer and A, is the wavelength 
in water a t  the center frequency of the transducer. 
The pulse-echo waveforms were rrieasured using an HP 
Infinium oscilloscope (Agilent) (Figs. 9 and 10). The fast 
Fourier transform of the pulsoecho waveform was stored, 
and the bandwidth was determined from the -6 dB points 
of the displayed spectrum (Figs. 11 and 12). To determine 
the characteristic of the transducer in its frequency d e  
main, the following parameters from the waveforms of the 
single crystal transducer and the 1-3 composite transducer 
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Fig. 9. Measured pulseecho rcsponses of the PMN-PT transducer 
-1 0 
-20 
Time (micro-second) 
Fig. IO. Measrircd pulse-echo responacs of the PMN-PT/epoxy 1-3 
composite transducer. 
10 . . . . . . . . . 
-30 
werc calculatcd based on the American Institute of Ultra- 
sound in Medicine (AIUM) Standard [16]: 
Peak frequency f,: the frequency at which the am- 
plitude of the spectrum is the maximum. Lower 
and upper -6 dB frequericies ( f i  arid fu): the fre- 
queiicies at which the nisgnitudc in the amplitude 
of the spectrum is 50% (-6 dB) of its maximum. 
( 5 )  
fl + f u  Center frequency fc: ,fc = -, 
. . I . .  . . . 7- . . . . . . . I , .  . - , , , , , , , , , 
' 
- 6 dB bandwidth (percentage): BW = ~ h' - f1 x 1007% 
(6) fc 
Fig. 11. Nurmaliacd received ilmplitiidc spectrum of the PMN-PT 
transducer. 
1 2 3 4 5 
Frequency (MHz) 
Fig. 12. Normalized received aniplitude spectrum of the PMN- 
PT/epoxy 1-3 composite transducer. 
factor. From their frequency spectra (Figs. 11 and 12) ,  it 
wss found that the center frequiency of the PMN-PT sin- 
gle crystal transducer wa? about 2.64 MHz, and its -6 dB 
bandwidth WEE 31%. The PMN-PTfepoxy 1-3 compos- 
ite trarisducer has a ccnter frequency of 2.41 h4Hz and 
a broader -6 dB bandwidth of 61%. 
The iiiscrtioii loss (or the relative pulse-echo scmsitiv- 
ity) of the transducer is the key parameter that affects the 
imaging quality. It is defined as the ratio of the power of the 
received transducer echo power P, to the power of the ex- 
citation pulsc power PO delivered int,o thc transducer. The 
insertion loss (IL) for each transducer was deterniincd by: 
The -6 dB bandwidth is a. measure of thc widt,h of the 
frequency distribution and is an indicator of the damping 
To measure thc insertion loss, an HP 8116A function 
generator (Agilent) with 50 fl coupling was used to gcner- 
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ate a tone burst of 20-cycle sine wave with an amplitude 
V, of 1 V (peak-to-peak voltage) a t  the center frequency f c  
of transducer as displayed in the HP Infinium oscilloscope 
with the 50 R coupling mode. By connecting the trans- 
ducer to the function generamr, tlie received eclio voltage 
amplitude V, excited from tlie transducer was measured by 
the HP Infinium oscilloscope with 1 h4n coupling. It was 
found that the insertion loss for the PMN-PT single crys- 
tal transdncer was about -17 dB and that of the PMN- 
PT/epoxy 1-3 composite transducer was shout -14 dB. 
The IL of the PMN-PT/epoxy 1-3 composite transducer is 
higher than that of a PZN-PT/epoxy 1-3 composite trans- 
ducer [4] with a front-face matching (with 0.5 volume frac- 
tion of PZN-PT, IL = -10 dB) and PZN-PT/epoxy coni- 
posite transducer 141 also has a wider bandwidth (97%), 
presuniably due to the effect of front-face matching. 
131 S. W. Choi. T. R. Shrout, S. .I. Jang, and A. S. Bhalle, "Di- 
electric and pyroelcctric propertics i n  the Pb(hilgl,3Nb2/3)03- 
PbTiOs system," Ferroelectrics, w l .  100, pp. 29-38, 1989. 
T. Ritter, X. Geng. K. K. Shung, P. D. Lopath, S .  E. Park, 
and T. R. Shrout, "Singlc crystal PZN/PT polymer composite 
for ultrasound transducer applications," IEEE Tmns. Ultrason., 
Ferroelect., Freq. Contr., vol. 47; pp. 792-800, 2000. 
S. Saitoh, T .  Takeuchi; T. Kohayashi, K. Harada, S. Shirnarrnki, 
ilnd Y. Yamashita, "A 3.7 MHz phased array probe using PZN- 
P T  single crystai," IEEE P a n s .  Ultrason., Ferroelect., Freq. 
Contr.> vol. 46, pp. 414-420, 1999. 
2 .  W. Yin, €T. S. Loo, P. C. \Vang. and 6. S. Xu; "Growth 
characterization and properties of reiaxor ferroelectric PMN-PT 
single crystals," Ferroelectrics, vol. 231, pp. 97-102> 1999. 
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electromechanical properties of relaxor-PT piemelectric single 
crystals," in Proc. IEEE Ultrason. Symp., 1898, pp. 571-574. 
S. Wads, S. E. Park, L. E .  Cross, and T. R. Shrout, "Donrain 
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B.  A. Auld, and Y .  .I. Warig, "Piezoelectric composite materials 
for ultraionic transducer anolications. Part I: Resonant rrrodes of 
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vibration of PZT rod-poiymcr composites," IEEE Pam. Sonics 
Ultrason., vol. SU-32, pp. 481-498, 1985. 
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ham, "Piezoelectric composites niaterials for ultrasonic trans- 
ducer applications. Part IT: Evaluation of ultrasonic medical a p  
plications," IEEE %ns. Sonzcs Ultrason.. vol. SU-32, pp. 499- 
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Ill] H. L. W. Chan arid J.  Unsworth, "Simple model for piezoelectric 
applications," IEEE Tmns. Ultrason., Ferroelect., Freq. C o n t r ,  
1121 W. A. Smith and B. A. Auld, "Modeling 1-3 composite piezc- 
V. CONCLUSIONS A D DISCUSSION 
The Pn'lN-PT/epoxy 1-3 conlposites with various 
uine fractions of PMN-PT were fabricated, and their elec- 
tromechanical properties werc measured by the resonance 
method. The niodified parallel and series model was used 
to calculate the performance of the composites, and the 
modeling results agreed quite well with the experimental 
data. The composites have high electromechanical cou- 
pling coefficient of 0.8, indicating that they have good 
energy conversion efficiency. A sir& element t,ransducer 
using PMN-PT/epoxy 1-3 composite was fabricated, arid 
it had broader bandwidth compared to a PMN-PT sin- 
$le crystal trarisdllcer of similar structure, The use of a 
PMN-PT single crystal to replace conventional PZT piean- 
ceramiclpolymer 1.3 used in ultrasonic transducer 
36; 4, pp. 434-441, lgu9. 
ciectrics: mode oscillations," lEEE Trans, ultrason,, 
Wrroelect. ,  Freq. Cmtr., vol. 38, pp. 4 M 7 ,  1991. 
1131 H. L. W. Chan and .I. Unsworth, "Mode coupling in modified 
lead titanatelpolymer 1-3 composites," J .  Appl .  Phys., vol. 65, 
1141 IEEE Stnndard o n  Pzezoelectricity, ANSIIIEEE Std. 1761987. 
[I61 K. C .  CliCng, "Studies of PZTIepoxy and PMN-PT/epoxy con- 
posites for ultrasonic transducer applications," MPbil .  Thesis, 
The H~~~~ K" , ,~  poiytechnic university, H~~~~ K ~ ~ ~ ,  china, 
2000. 
[IF] American Institute of Ultrasound in Medicine, "Standard nreth- 
ods for testing single-element pulscecho ultrasonic transduc- 
ers; J ,  ultrasolLnd M e d , ,  vol. 1, no, 7 ,  Sep, 1982, 
pp, 1754-1758, 1989, 
ceramics is still not very viable at prcsent because of the 
availability and of the single crystals, ~h~ batch p r ~  
duction of high-quality homogeneous PMN-PT single crys- 
tals is still in progress. The use of these single crystals arid 
their composites in various applications other than medical 
ultrasound is being developed and has attracted consider- 
able current research interests. It is expected tliat more 
work on the applications of these single crystals will be 
found when the crystals are available commercially at a 
lower cost. 
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